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Abstract 10 
The field of In Situ Resource Utilisation (ISRU) is expanding rapidly with a particular focus 11 
on developing ISRU technologies and applications to support a longer-term surface 12 
exploration of the Moon. In this respect, microwave sintering is proposed to be one of the 13 
potential fabrication methods for developing a 3D printing technique for construction 14 
processes on the Moon. Thus, understanding the behaviour of lunar regolith, available at 15 
different locations on the Moon (e.g. mare versus highlands regions), under microwave 16 
heating is crucial for developing an optimal method for microwave sintering. As the 17 
availability of real lunar regolith on Earth is highly limited, developing an appropriate 18 
numerical model of microwave heating behaviour of lunar regolith is urgently required. In this 19 
paper, three representative lunar regolith samples (selected from the database of Apollo 20 
sample collections) with pre-defined material properties have been simulated under seven 21 
input powers and three specimen sizes. This paper discusses the outcomes of these 22 
simulations and the potential contribution of the model for developing a desired 3D printing 23 
technique utilising microwave sintering of lunar regolith.  24 
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1. Introduction 31 
As described in Lim et al. (2017), 3D Printing is considered as one of the possible 32 
techniques for realising extra-terrestrial construction processes on the Moon and Mars. 33 
Recent initiatives including NASA and ESA’s lunar In-Situ Resource Utilization (ISRU) 34 
demonstration activities as part of the Deep Space Gateway concept are encouraging 35 
researchers and practitioners for developing an appropriate fabrication method for 36 
supporting lunar construction processes.  37 
 38 
Microwave sintering is proposed as one of the potential fabrication methods for 3D printing 39 
technique, which could be utilised for extra-terrestrial construction processes. For example, 40 
the thermal conductivity of the lunar regolith is very low depending on the depth (Hayne et 41 
al. 2017). Therefore, the lunar regolith could act as an excellent thermal insulator. This 42 
property, however, also means that direct heating of the regolith using a laser or solar 43 
energy would not be an effective method for heating the subsurface regolith. However, 44 
microwave energy can penetrate deeper into the lunar regolith and heat the subsurface 45 
regolith with radiant heat efficiently (Ethridge and Kaukler 2012). More detailed background 46 
and rationale of developing a microwave sintering-based 3D printing technique as part of an 47 
extra-terrestrial construction process have been given in Lim et al. (2017). Our previous 48 
experiments (Levin Prabhu et al. 2018), which involved heating of two lunar simulants, JSC-49 
1A (35 g) and NU-LHT-3M (35 g), using a domestic microwave with 1 kW of input power, 50 
demonstrated that JSC-1A was sintered/melted in 480 seconds while NU-LHT-3M did not 51 
sinter even though 10% ilmenite was added as a susceptor and heating was continued up to 52 
1,200 seconds. Taylor and Meek (2004, 2005) and Taylor et al. (2005) hypothesised that 53 
lunar regolith would couple well with microwave energy and that it would take much less 54 
time to heat real lunar samples compared to the lunar simulants due to the presence of 55 
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nano-phase iron (Taylor and Meek 2005), FeO, or irregularly shaped particles (Taylor and 56 
Meek 2005, Taylor and Liu 2010, Barmatz et al. 2013).  57 
 58 
A computer-based numerical modelling is a useful way to optimise a microwave system 59 
design and conduct a realistic process simulation for given material properties, dimension 60 
and mass/volume of a sample and the ideal conditions of the system 61 
(National_Research_Council, 1994). In addition, it could also verify Taylor and Meek’s 62 
hypothesis, prior to visiting the Moon for sampling resources . Although a few previous 63 
studies (Ethridge and Kaukler 2011, Ethridge and Kaukler 2012, Allan et al. 2013) discussed 64 
the numerical modelling of microwave heating behaviour of lunar simulants, no such work 65 
has been done for the real lunar regolith. As the availability of real lunar regolith is highly 66 
limited, we have set about establishing a fully defined numerical model of microwave heating 67 
behaviour of lunar regolith by combining existing information regarding the material 68 
properties of lunar regolith as a complementary solution for our future lab experiments using 69 
real lunar samples.  70 
 71 
 72 
2. Aims & objectives 73 
The primary purpose of establishing a fully defined numerical model is to understand better 74 
whether raw lunar regolith couples well with microwave energy under specific input power to 75 
be a potential lunar construction material. The objectives of this work are to (i) find 76 
appropriate parameters/settings including the material properties of lunar regolith for a 77 
simulation in COMSOL Multiphysics software; (ii) compare the microwave heating behaviour 78 
of different lunar regolith, by location (i.e. highlands, mare with high-titanium and mare with 79 
low-titanium composition), input power and mass of specimen; and (iii) identify an optimal 80 
setting – input power and heating time, etc. – for extracting volatiles and sintering material 81 
that can be used for ISRU derived lunar missions, i.e. production of water, oxygen and 82 
construction process.   83 
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 85 
3. Experimental settings for the simulation of the numerical model 86 
The Space Instrumentation Group at The Open University has recently started investigating 87 
microwave sintering of lunar regolith/simulant as a potential fabrication method of 3D printing 88 
on the Moon to build lunar habitats. As part of this initiative, we are currently manufacturing 89 
an industrial bespoke microwave heating equipment. As complementary research, we are 90 
developing numerical models of microwave heating behaviour of lunar regolith using the 91 
bespoke microwave cavity and the material properties of lunar regolith as a function of 92 
temperature. Simulation of the model has been conducted using a COMSOL Multiphysics 93 
software (version 5.3a) with a Radio Frequency (RF), Heat Transfer and Design modules.   94 
 95 
3.1 Bespoke microwave heating equipment 96 
The industrial bespoke microwave heating equipment has been designed to overcome the 97 
limitation of a domestic microwave, which is not capable of (i) withstanding high 98 
temperatures, e.g. the melting temperature of lunar regolith; (ii) providing a vacuumed cavity 99 
condition; (iii) controlling the input power; and (iv) monitoring and recording the temperature 100 
changes of a specimen as a function of time. In addition, unlike a domestic microwave oven, 101 
the bespoke microwave works in a single-mode where one resonant mode is excited, 102 
allowing higher energy efficiency than a domestic microwave oven (Hoogenboom et al. 103 
2009). Figure 1 illustrates a design of the equipment that includes two pyrometer ports, one 104 
naked-eye viewer window, and a cylindrical cavity with a flange for a vacuum pump. The 105 
cavity can also be connected to a mass spectrometer, permitting extraction and analysis of 106 
volatiles while a specimen is being heated. Volatiles in regolith can be extracted by heating 107 
the regolith between 300 and 900 °C (Anand et al. 2012, Ethridge and Kaukler 2012), and 108 
most of the H2 can also be extracted up to 700 °C (Crawford 2015), which are needed for 109 
producing water using oxygen extracted from lunar regolith. Thus, the equipment could also 110 
be used for measuring the types and volume of extracted volatiles which could be used for 111 
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propellant and life support (e.g. water and oxygen). It is expected that the new equipment 112 
would allow to (i) maximise microwave energy in a single hotspot; (ii) measure the surface 113 
temperature and phase change of a specimen under near lunar atmospheric condition more 114 
accurately; and (iii) heat a specimen of lunar regolith/simulant rapidly to be sintered/melted. 115 
In this experiment, only the cavity and the input port of the equipment are modelled in 116 
COMSOL to simplify the simulation experiment. This first version of the equipment does not 117 
support multiple frequencies, which requires a redesign of cavity dimension; however, this 118 
feature is planned to be added in a future upgrade. 119 
  120 
 121 
Figure 1: The bespoke microwave heating equipment with a vacuum cavity. The dimension 122 
of the equipment is 860 (Length) x 340 (Depth) x 1,037 (Height) mm. 123 
 124 
3.2 Material properties of lunar regolith 125 
 - 6 - 
The materials used in this experiment are based on the three categorisations from Schreiner 126 
et al. (2016), which are highlands regolith (highlands, TiO2 0.5 wt%, FeO 6.2 wt%), mare 127 
high-titanium regolith (mare High-Ti, TiO2 8.5 wt%, FeO 16.6 wt%) and mare low-titanium 128 
regolith (mare Low-Ti, TiO2 2.9 wt%, FeO 17 wt%). All material properties should be defined 129 
as a function of temperature to simulate proper microwave heating behaviour. Although 130 
existing literature are scattered across conference abstracts, technical reports and peer-131 
reviewed journals, the work by Schreiner et al. (2016) covers most of the material properties 132 
of lunar regolith needed for developing a numerical model of microwave heating behaviour 133 
of lunar regolith and a simulation. Thus, we have adopted most of the model of Schreiner et 134 
al. (2016) in our experiment. Note that the material properties discussed below are required 135 
for simulating the designed numerical model in COMSOL.  136 
 137 
Density (g/cm3) 138 
Researchers measured a solid density of lunar regolith as 1.5 ~ 1.9 g/cm3 (Mitchell et al. 139 
1974, Heiken et al. 1991, McKay et al. 1991). In our previous experiment, we fabricated 140 
compressed pellets, the density of which was 2.07 g/cm3. As we are also planning to use a 141 
compressed pellet with the bespoke microwave heating equipment, we have defined the 142 
solid density of lunar regolith for this simulation as 2.07 g/cm3. For a molten density of lunar 143 
regolith, we used the density model equation below proposed by Schreiner et al. (2016), 144 
which manipulates the Stebbins’ equation (1984) algebraically   145 
 146 
where  is the density (kg/m3),  is the temperature (K), and  are regression coefficients, 147 
which can be found in (Schreiner et al. 2016). In this experiment, we have defined the 148 
density of lunar regolith starting with a compressed pellet density of 2.07 g/cm3 until the 149 
melting temperature MeT (1,500 K), and adapted Schreiner et al.’s equation until the density 150 
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reduces to 1.66 g/cm3, which is the average bulk density on the Moon at a depth of between 151 
0 ~ 60 cm (Mitchell et al. 1974). The adapted plot is displayed to 2,000K (see Figure 2).   152 
 153 
 154 
Figure 2: Material properties – Density of highlands regolith as a function of temperature. 155 
 156 
Heat capacity (J/(kg*K)) 157 
Previous researchers (Marcus et al. 1973) found that the melting temperature of lunar 158 
regolith varied between 1,373 K and 1,653 K (~1,100 to 1,380 °C) although there is no 159 
report on specific melting temperatures for highlands and mare regolith. Thus, in this 160 
experiment, we have defined an initial melting temperature as 1,373 K (1,099.85 °C) and 161 
completely molten temperature as 1,653K (1,379.85 °C) to be used for three regolith types. 162 
Reiss (2018) pointed out that the heat capacity model from Schreiner et al. (2016) is most 163 
appropriate as it combines three temperature categories: (i) below 350 K (76.85 °C) 164 
(Hemingway et al. 1973), (ii) above 250 K and below the melting temperature - 1,500 K 165 
(Stebbins et al. 1984), and (iii) above the melting temperature (Stebbins et al. 1984). Thus, 166 
we have adopted Schreiner et al. (2016)’s approach (Figure 3).  167 
 168 
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 170 
Figure 3: Material properties – Heat Capacity of highlands regolith as a function of 171 
temperature. 172 
 173 
Thermal conductivity (W/m*K) 174 
As for the density of lunar regolith, researchers also measured the thermal conductivity of 175 
lunar regolith via two stages: as solid (Langseth et al. 1972, Cremers 2012) and as in molten 176 
state (Kang and Morita 2006) without distinguishing them by location. Because of the gaps 177 
between the two data, Schreiner et al. (2016) suggested a continuous model fit as below  178 
 179 
 180 
 181 
where K is thermal conductivity (W/m*K),  is the temperature (K) normalised by a mean 182 
691.7 and standard deviation 564.3. This model fit, however, does not show a realistic 183 
thermal behaviour because the conductivity is decreased after the melting temperature. As 184 
was explained by Colozza (1991), the thermal conductivity of lunar regolith increases as the 185 
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temperature increases until it reaches the initial melting point (1,373K) then decreases 186 
linearly with temperature until it reaches the completely molten temperature (1,653K). Thus, 187 
in this experiment, we have adapted the thermal conductivity model of Colozza (1991), 188 
which extended Murase and McBirney (1970)’s equation above the melting temperature of 189 
lunar regolith. Because Colozza did not provide the equation of the extended part, we have 190 
extracted the data from Colozza’s plot (Figure 2 in (Colozza 1991)) and interpolated them in 191 
COMSOL to create a similar curve (see Figure 4).  192 
 193 
 194 
Figure 4: Material properties – Thermal Conductivity of highlands regolith as a function of 195 
temperature. 196 
 197 
The above data can also be interpolated with a cubic spline interpolation method applying 198 
the equations with cases below.   199 
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𝑓(𝑥)200 
=
⎩⎪⎪
⎪⎪⎨
⎪⎪⎪
⎪⎧ 4.0486 ∙ 10123 ∙ 𝑥4 + 4.6278 ∙ 10182 ∙ 𝑥9 + 1.5295 ∙ 1018 ∙ 𝑥 + 1.2810 ∙ 1019, if	𝑥 ∈ [0,200],6.3429 ∙ 10123 ∙ 𝑥4 − 1.3766 ∙ 101E ∙ 𝑥9 + 2.9061 ∙ 101F ∙ 𝑥 + 1.0975 ∙ 1019, if	𝑥 ∈ (200,400],−2.8341 ∙ 10123 ∙ 𝑥4 + 9.6359 ∙ 101E ∙ 𝑥9 − 4.1144 ∙ 101G ∙ 𝑥 + 6.9707 ∙ 1019, if	𝑥 ∈ (400,600],6.5796 ∙ 10123 ∙ 𝑥4 − 7.3089 ∙ 101E ∙ 𝑥9 + 6.0525 ∙ 101G ∙ 𝑥 − 1.3363 ∙ 1012, if	𝑥 ∈ (600,800],2.1852 ∙ 101H ∙ 𝑥4 − 4.3961 ∙ 1018 ∙ 𝑥9 + 3.5375 ∙ 1014 ∙ 𝑥 − 9.1555 ∙ 1012, if	𝑥 ∈ (800,1000],3.8850 ∙ 101H ∙ 𝑥4 − 9.4957 ∙ 1018 ∙ 𝑥9 + 8.6371 ∙ 1014 ∙ 𝑥 − 2.6154, if	𝑥 ∈ (1000,1200],−4.2159 ∙ 101I ∙ 𝑥4 + 1.5626 ∙ 101G ∙ 𝑥9 − 1.9027 ∙ 1012 ∙ 𝑥 + 7.6948 ∙ 102, if	𝑥 ∈ (1200,MeT],3.8356 ∙ 101I ∙ 𝑥4 − 1.7538 ∙ 101G ∙ 𝑥9 + 2.6507 ∙ 1012 ∙ 𝑥 − 1.3145 ∙ 109, if	𝑥 ∈ (MeT,CMeT],1.1633 ∙ 101I ∙ 𝑥4 − 4.2857 ∙ 101F ∙ 𝑥9 + 4.6012 ∙ 1019 ∙ 𝑥 − 1.0746 ∙ 102, if	𝑥 ∈ (CMeT, 1760],−1.5470 ∙ 101E ∙ 𝑥4 + 8.3536 ∙ 101G ∙ 𝑥9 − 1.4996 ∙ 𝑥 + 8.9604 ∙ 109, if	𝑥 ∈ (1760,1800].
 201 
 202 
Electrical conductivity (S/m) 203 
Previous research (England et al. 1968) suggested that the electrical conductivity of solid 204 
lunar regolith is close to zero. However, other researchers (Olhoeft et al. 1974) found that 205 
lunar regolith displays an exponentially-temperature dependent electrical conductivity while it 206 
is heated, which means that the value of electrical conductivity of molten lunar regolith is 207 
likely to be higher than zero. Thus, they formulated equations for highlands (temperature 208 
between 573.15 K to 1,500 K) and mare (temperature between 298.15 K to 873.15 K) 209 
regolith, respectively. Because these models do not share the same temperature region, 210 
Schreiner et al. (2016) suggested a single model with a Vogel-Tamman-Fulcher (VTF) 211 
equation as below 212 
	213 
where 𝝈𝒆 is electrical conductivity (S/m), T is the temperature (K),  is the glass transition 214 
temperature, and 	and	  are regression coefficients. It was noted that Tg should be set to 215 
zero to avoid vertical asymptotes in the low-temperature regime. Initially, Schreiner et al.’s 216 
approach did not work well in COMSOL due to (i) the extreme thermal discontinuity between 217 
the boundaries of the air and the specimen domains, and (ii) too high precision of the EC 218 
value (over e-22 to e-89 which exceeds the COMSOL’s precision of e-16). Through some 219 
experiments, it was found that 1 + EC – α where α value is close to one would be an ideal 220 
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formula for eliminating the high precision issue; thus, we have adjusted the equation as 221 
 (see Figure 5).  222 
 223 
 224 
Figure 5: Material properties – Electrical Conductivity of highlands regolith as a function of 225 
temperature with a  formula. 226 
 227 
Relative permittivity (ε′– iε″) and Relative permeability (µ′ – iµ″) 228 
Permittivity and the loss tangent (tanδ) are the most important material properties in 229 
microwave processing. The relative (or complex) permittivity indicates the ability of a 230 
dielectric to absorb and store electrical energy, with the real permittivity (ε′) (also known as 231 
the dielectric constant) and the imaginary permittivity, dielectric loss factor (ε″). Similarly, the 232 
relative permeability is compounded by permeability constant (µ′) and imaginary 233 
permeability, magnetic loss factor (µ″). On the other hand, the loss tangent indicates the 234 
ability of the material to convert absorbed energy into heat (National_Research_Council 235 
1994). Although the dielectric constant can vary with frequency and temperature, the 236 
existing works (Barmatz et al. 2011, Ethridge and Kaukler 2012) measured both the relative 237 
permittivity and relative permeability of lunar regolith/simulant as a constant value rather 238 
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than a function of temperature (e.g. Barmatz et al. (2011) measured both values from 239 
multiple frequencies, in which the deviation of the values is reasonably minimal; thus we 240 
have used a mean value of Barmatz et al.’s work for this experiment (see Table 1).  241 
 242 
Table 1: Mean values of the relative permittivity and relative permeability of lunar regolith 243 
where ε′ is Dielectric Constant, ε″ is dielectric loss factor, µ′ is Permeability Constant and µ″ 244 
is magnetic loss factor. (estimated from (Barmatz et al. 2011)).  245 
Relative Permittivity Relative Permeability 
Highlands Mare Highlands Mare 
ε′ ε″ ε′ ε″ µ′ µ″ µ′ µ″ 
3.14531 0.01038 3.62544 0.041565 1.09474 0.00175 0.99949 0.003655 
   246 
3.3 Other settings for the simulation of the microwave heating model in COMSOL 247 
• Input frequency and power: The input frequency is set at 2.45 GHz, which is the 248 
same as in domestic microwaves we tested before. For this simulation, we have 249 
used seven input powers – 50 W, 100 W, 200 W, 400 W, 600 W, 800 W and 1,000 250 
W.  251 
• Study setting: For the simulation, a pre-defined Microwave Heating Multiphysics with 252 
a ‘Frequency-Transient’ study have been used. The input port is set as a coaxial port 253 
following the bespoke microwave configuration. 254 
• Specimen size: Three specimen size are prepared for this experiment – Large (2.5 x 255 
3.45 cm cylinder), medium (2 x 3 cm cylinder), and small (0.72 x 1.2 cm cylinder) 256 
specimens (Figure 6). The temperature of the specimen was measured as a volume 257 
(blue object in Figure 7a) and 12 sampled points (red dots in Figure 7b). As we set 258 
the density at 2.07 g/cm3, the mass of each specimen is 35 g, 19.5 g and 1 g, 259 
respectively.   260 
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• Specimen support: The specimen sits on the base support (an alumina ceramic 261 
plate), which is almost transparent to microwave energy similar to quartz glass 262 
installed in the top and bottom of the cavity. The support is also included in the 263 
microwave heating simulation, and it contributes a conductive heat transfer with the 264 
specimen only (Figure 8).  265 
• Microwave heat configuration: In this experiment, two different heat configurations 266 
have been used. The first configuration includes conductive heat transfer only in 267 
order to mimic an airless cavity environment with a radiant barrier that can be applied 268 
for designing a 3D printer on the Moon. Omitting the air domain for the simulation of 269 
a heat transfer physics also helps for reducing the convergence errors during 270 
simulation caused by the extreme thermal discontinuity between the air and the 271 
surface of the specimen. The second configuration includes conductive and radiative 272 
heat transfer to compare the heat performance of both configurations.   273 
• The boundary condition of the cavity: In our model, the skin depth of the cavity is 274 
much smaller than the model dimensions at the given frequency, which means that 275 
the electromagnetic (EM) fields and currents will penetrate only a very short distance 276 
into the cavity material (in our case, aluminium). In this case, the Electromagnetic 277 
Wave (EMW) Physics in COMSOL does not need to be active in the domain of cavity 278 
skin; thus, we have deactivated the EMW inside the metal domain. Besides, it is 279 
usually efficient to model the metal as a surface but not a volume due to the 280 
computational benefit. 281 
• Hotspot: The bespoke microwave includes two tuning methods. One is the industrial 282 
standard three stub tuners, which maximises microwave input power, and the other 283 
is the vertical cylindrical tuner, which is used to minimise the reflected power and to 284 
adjust the location of the hotspot. The hotspot of the cavity is vertically aligned with the 285 
centre of the cavity (see Figure 7c); thus, a specimen is placed in a central position 286 
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accordingly. In this experiment, the position of the vertical tuner is optimised and fixed 287 
for the medium-size specimen to provide the same condition to each specimen size.  288 
 289 
 290 
(a)                                          (b)                                               (c) 291 
Figure 6: Three specimen sizes (diameter x height). (a) Large – 2.5 x 3.45 cm, (b) medium - 292 
2 x 3 cm, (c) small - 0.72 x 1.2 cm.  293 
 294 
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  295 
      (a)                                              (b)                                           (c) 296 
Figure 7: Barebones of the bespoke microwave cavity in COMSOL. (a): The cavity with a 297 
medium specimen, (b): 12 sampled points (red dots) in the medium specimen with the 298 
legend of temperature plots in this paper, (c): Electric field in the cavity with a medium 299 
specimen of highlands regolith. 300 
 301 
 302 
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Figure 8: Snapshot of the microwave heating simulation of a medium specimen of highlands 303 
regolith under 1,000 W of input power for different heating times.  304 
 305 
Because an understanding of the microwave heating process of new material is still 306 
empirical and speculative to some degree due to its highly nonlinear character (Vriezinga et 307 
al. 2002) with variables including material properties, the shape, dimension and position of a 308 
specimen in a cavity, most research in microwave processing of material is exploratory 309 
(National_Research_Council 1994). Moreover, in the case of lunar regolith we are trying to 310 
understand an extra-terrestrial material which may not be fully understood yet with respect to 311 
the laws of physics; thus, we have adopted an empirical approach in this work. For example, 312 
to determine the above settings, a total of 190 sets of simulations were conducted. The work 313 
presented in this paper used a total of 75 sets – new 63 sets (21 sets for each size) of the 314 
simulation without radiative heat transfer and new 12 sets of simulation with radiative heat 315 
transfer.  316 
 317 
4. Comparison of the simulation outputs 318 
Following our previous lab-experiment using JSC-1A, we prepared three specimen sizes, 319 
large (35 g) which can be directly compared with our previous experiment, medium (19.5 g) 320 
and small (1 g). The reason for a 1-gram specimen is to find out whether the bespoke 321 
microwave is suited for heating (sinter/melt) such a small mass of lunar regolith/simulant as 322 
any real lunar regolith samples are likely to be made available in similar quantities. The 323 
maximum and minimum temperature of each specimen with seven input powers in 100 and 324 
900 seconds are summarised in Table 2 for large specimens, Table 3 for medium 325 
specimens and Table 4 for small specimens. 326 
 327 
4.1 Large specimen (2.5 x 3.45 cm cylinder with 35 g mass) 328 
Firstly, we have simulated a large specimen with seven input powers (50 W, 100 W, 200 W, 329 
400 W, 600 W, 800 W, 1,000 W). 330 
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 331 
Table 2: Comparison of microwave heating simulation of large specimens. The values 332 
represent the maximum and minimum temperature in the specimen of each category in 100 333 
and 900 seconds respectively.  334 
Input Power 
(W) 
Highlands  
(Max & Min 
temperature °C) 
Mare High-Ti 
(Max & Min 
temperature °C) 
Mare Low-Ti 
(Max & Min 
temperature °C) 
100 s 900 s 100 s 900 s 100s 900 s 
1,000 
260.87 
34.50 
1508.20 
548.06 
379.33 
45.51 
1482.70 
569.20 
375.23 
45.30 
1481.4 
568.49 
800 
235.75 
32.07 
1373.60 
390.74 
332.12 
40.97 
1399.00 
492.49 
328.84 
40.82 
1395.00 
490.55 
600 
210.03 
29.65 
700.63 
72.64 
286.50 
36.45 
1277.70 
390.30 
283.96 
36.33 
1276.00 
388.69 
400 
177.35 
27.13 
444.03 
53.58 
239.08 
31.82 
1106.30 
265.66 
237.19 
31.74 
1100.60 
263.15 
200 
134.19 
24.17 
308.93 
37.63 
179.19 
26.86 
484.57 
53.08 
177.83 
26.82 
475.25 
52.70 
100 
101.50 
22.40 
224.91 
29.82 
135.36 
24.03 
310.16 
37.21 
135.18 
24.03 
308.22 
37.10 
50 
79.64 
21.45 
165.78 
25.63 
102.30 
22.35 
225.51 
29.61 
101.53 
22.34 
224.09 
29.55 
 335 
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 336 
Figure 9: The heating trend of large specimen of each material through the seven input 337 
powers with 900 seconds of heating time. Note that mare High-Ti and mare Low-Ti regolith 338 
display an almost identical trend.  339 
 340 
The heating trend of each material through the seven input powers clearly shows that mare 341 
regoliths have very different behaviour compared to highlands regolith regarding microwave 342 
energy absorption. The following observations are made:  343 
• The heating trend by input power: The heating rates of both highlands and mare 344 
specimen are relatively low until 200 W, after which mare specimens display rapid 345 
increases between 200 and 400 W, while highlands specimen displays a similar 346 
rapid increase between 600 and 800 W (Figure 9). As the material properties of this 347 
numerical model address neither the particle size distribution nor irregular shape, the 348 
main reason for the difference could be the amount of FeO, i.e. 6.2 wt% for highlands 349 
regolith and 16.6~17.0 wt% for mare regolith.   350 
• Sintering/melting purpose: Figure 9 shows that the highlands regolith couples with 351 
microwave energy less efficiently compared with the mare regolith under lower input 352 
power, i.e. less than 800 W. Although, the highlands and mare specimens did not 353 
reach the melting temperature in 900 seconds under 600 W and 200 W of input 354 
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power respectively, both specimens experience extreme temperature increase under 355 
higher input powers. The temperature curves of three specimens indicate that two 356 
sampled points of each specimen have thermal runaway effect, which may not be an 357 
ideal situation for manufacturing/construction purpose (see more discussion in 358 
Section 5), while other points are also radically heated (see Figure 10). Note that the 359 
bottom three sampled points show much lower temperature curves due to the 360 
conductive heat transfer to the support of the specimen. 361 
 362 
 363 
 364 
Figure 10: Temperature of the 12 sampled points in a large specimen of highlands and mare 365 
High-Ti regolith under different input power to 900 seconds. (a) Highlands 800 W, (b) 366 
Highlands 1,000 W, (c) Mare High-Ti 400 W, (d) Mare High-Ti 1,000 W. (see the legend in 367 
Figure 7b)  368 
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 369 
 370 
Figure 11: Temperature of the 12 sampled points in a large specimen with radiative heat 371 
transfer under different input power to 900 seconds. (a) Highlands 800 W, (b) Highlands 372 
1,000 W, (c) Mare High-Ti 400 W, (d) Mare High-Ti 1,000 W. (see the legend in Figure 7b) 373 
Despite the higher convergence errors of the simulation with radiative heat transfer, all large-374 
sized specimens were successfully simulated (Figure 11). Apart from the two sample points 375 
experiencing thermal runaway (the temperature curves of pink-cross and blue-triangle 376 
marks), the temperature of the rest of the sample points was lower and stabilised due to the 377 
temperature loss through radiative heat transfer. The highlands specimen had thermal 378 
runaway with a higher temperature than the one without radiative heat transfer, while the 379 
mare High-Ti specimen was almost the same. For both highlands specimen (Figure 11a and 380 
Figure 11b), thermal runaway occurred later than the one without radiative heat transfer 381 
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(Figure 10a and Figure 10b) due to the slow incremental rise in temperature, which did not 382 
happen to the mare High-Ti specimen.    383 
 384 
4.2 Medium specimen (2 x 3 cm cylinder with 19.5 g mass) 385 
Following the settings of the large specimen, we have also simulated a medium specimen 386 
with seven input powers (50 W, 100 W, 200 W, 400 W, 600 W, 800 W, 1,000 W).  387 
 388 
Table 3: Comparison of microwave heating simulation of medium specimens. The values 389 
represent the maximum and minimum temperature in the specimen of each category in 100 390 
and 900 seconds respectively.  391 
Input Power 
(W) 
Highland  
(Max & Min 
temperature °C) 
Mare High-Ti 
(Max & Min 
temperature °C) 
Mare Low-Ti 
(Max & Min 
temperature °C) 
100 s 900 s 100 s 900 s 100 s 900 s 
1,000 
441.65 
56.08 
1855.60 
876.47 
1280.50 
310.73 
1772.70 
770.50 
1286.30 
306.35 
1766.90 
768.67 
800 
385.32 
49.27 
1784.40 
800.01 
1305.50 
239.82 
1691.80 
708.93 
1311.80 
235.61 
1689.40 
708.33 
600 
329.29 
42.68 
1676.40 
685.37 
1376.00 
126.85 
1598.50 
630.46 
1385.80 
121.71 
1611.40 
633.83 
400 
271.22 
36.19 
1504.90 
508.37 
1557.50 
59.99 
1472.10 
515.50 
1573.30 
59.67 
1465.10 
513.72 
200 
201.45 
29.33 
544.93 
62.48 
350.15 
44.02 
1239.70 
331.11 
346.60 
43.82 
1237.20 
330.25 
100 
152.11 
25.46 
355.91 
40.73 
249.47 
33.97 
1040.40 
202.73 
247.51 
33.43 
1037.60 
201.81 
50 115.49 255.01 186.09 611.93 184.71 564.97 
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23.20 31.22 27.83 54.35 27.78 53.94 
 392 
 393 
Figure 12: The heating trend of medium-sized specimen of each material through the seven 394 
input powers with 900 seconds of heating time. Note that the trends for mare High-Ti and 395 
mare Low-Ti regolith are almost identical.  396 
 397 
The heating trend of the medium-sized specimen contrasts sharply with the large specimen 398 
under lower input power, and the output indicates some interesting things as below:  399 
• The heating trend by input power: Both highlands and mare specimens show high-400 
temperature increment, while the highlands specimen shows a radical increase 401 
between 200 W and 400 W of input power and then follows the heating trend of the 402 
mare specimens with slightly higher temperature as shown in Figure 12. The 403 
temperature curves of highlands specimen are similar to the large specimen of 404 
highlands regolith although thermal runaway occurs much faster by the input power.  405 
• Sintering/melting purpose: Despite the smaller mass and volume, the medium 406 
specimens are better coupled with microwave energy than the large specimens. All 407 
three regoliths experience extreme thermal runaway more quickly with a slightly 408 
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higher temperature than the large specimens; consequently, reaching far beyond the 409 
complete molten temperature (1,653K, 1,379.85 °C). Unlike the large specimen, 410 
even the highlands specimen is also mostly melted in 650 seconds under 400 W of 411 
input power while the mare specimens are mostly melted in 900 seconds under 200 412 
W (see Figure 13). Note that the bottom three sampled points are also heated to a 413 
higher temperature than the large specimens.  414 
 415 
 416 
Figure 13: Temperature of the 12 sampled points in a medium-sized specimen of highlands 417 
and mare High-Ti regolith under different input power to 900 seconds. (a) Highlands 400 W, 418 
(b) Highlands 1,000 W, (c) Mare High-Ti 200 W, (d) Mare High-Ti 1,000 W. (see the legend 419 
in Figure 7b) 420 
 421 
 - 24 - 
 422 
Figure 14: Temperature of the 12 sampled points in a medium specimen with radiative heat 423 
transfer under different input power to 900 seconds. (a) Highlands 400 W, (b) Highlands 424 
1,000 W, (c) Mare High-Ti 200 W, (d) Mare High-Ti 1,000 W. (see the legend in Figure 7b) 425 
The medium-size specimens with radiative heat transfer (Figure 14) show similar patterns 426 
with the large-size specimens. Apart from the two sample points facing thermal runaway (the 427 
temperature curves of pink-cross and blue-triangle marks), the temperature of the rest of the 428 
sample points was lower and stabilised due to the temperature loss through radiative heat 429 
transfer. Besides, the highlands specimen had thermal runaway with a much higher 430 
temperature than the one without radiative heat transfer, while the mare High-Ti specimen 431 
was almost the same. For the highlands specimen under 400 W input power (Figure 14a), 432 
thermal runaway occurred later than the one without radiative heat transfer (Figure 13a) due 433 
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to the slow increment of the temperature, which did not happen to the other three 434 
specimens.   435 
 436 
4.3 Small specimen (0.72 x 1.2 cm cylinder with 1 g mass) 437 
As mentioned earlier, we also have simulated heating of 1 gram of lunar regolith to check if 438 
the bespoke microwave equipment can be used with such a small mass/volume of materials.  439 
 440 
Table 4: Comparison of microwave heating simulation of small specimens. The values 441 
represent the maximum and minimum temperature in the specimen of each category in 100 442 
and 900 seconds respectively.  443 
Input Power 
(W) 
Highland  
(Max & Min 
temperature °C) 
Mare High-Ti 
(Max & Min 
temperature °C) 
Mare Low-Ti 
(Max & Min 
temperature °C) 
100 s 900 s 100 s 900 s 100 s 900 s 
1,000 
173.30 
25.26 
417.52 
33.88 
316.68 
34.97 
2164.70 
1202.20 
314.00 
34.85 
2164.90 
1202.50 
800 
157.58 
24.45 
373.86 
31.33 
283.18 
32.40 
2104.40 
1051.00 
281.16 
32.31 
2106.60 
1062.20 
600 
139.76 
23.59 
321.75 
28.70 
248.00 
29.83 
2032.40 
925.54 
246.14 
29.76 
2033.40 
929.27 
400 
118.08 
22.62 
260.10 
26.01 
206.00 
27.12 
1928.40 
763.71 
204.50 
27.07 
1924.80 
757.82 
200 
90.69 
21.56 
190.69 
23.38 
152.97 
24.23 
358.44 
30.58 
152.02 
24.20 
355.53 
30.49 
100 
67.73 
20.89 
139.30 
21.91 
116.88 
22.56 
253.72 
25.72 
115.97 
22.54 
252.06 
25.68 
50 52.73 98.43 83.97 184.85 87.53 183.78 
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20.52 21.07 21.49 23.20 21.48 23.19 
 445 
 446 
Figure 15: The heating trend of small-sized specimen of each material through the seven 447 
input powers with 900 seconds of heating time. Note that the trends for mare High-Ti and 448 
mare Low-Ti regolith are almost identical.  449 
 450 
The heating trend of the small-sized specimen is very different from other sizes, and the 451 
output reveal the following:  452 
• The heating trend by input power: Due to the conductive and radiative heat transfer 453 
from the specimen to the base, the bottom three sample points are much less heated 454 
than other points. The temperature of the highlands specimen reached less than 455 
450 °C in 900 seconds under 1,000 W of input power, while the mare specimens 456 
were heated surprisingly well and reached a much higher temperature than of the 457 
medium specimens (see Table 4 and Figure 15). The heating rates of both mare 458 
specimens are rapidly increased between 200 and 400 W, while the highlands 459 
specimen is mildly increased.   460 
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• Sintering/melting purpose: The temperature curves of the highlands (1,000 W, Figure 461 
16a) and mare High-Ti specimens (200 W, Figure 16b) are interestingly similar. 462 
Besides, the thermal runaway effect of the mare specimens is extraordinary. As 463 
shown in Figure 16c and Figure 16d, the temperatures of most sampled points were 464 
increased almost 1,000 °C less than 30 seconds. This means that small 465 
volume/mass of the mare regoliths can be instantly melted when it passes a certain 466 
threshold of input power and heating time.  467 
 468 
 469 
Figure 16: Temperature of the 12 sampled points in a small specimen of highlands and mare 470 
High-Ti regolith under different input power to 900 seconds. (a) Highlands 1,000 W, (b) Mare 471 
High-Ti 200 W, (c) Mare High-Ti 400 W, (c) Mare High-Ti 1,000 W. (see the legend in Figure 472 
7b) 473 
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 474 
 475 
Figure 17: Temperature of the 12 sampled points in a small specimen with radiative heat 476 
transfer under different input power to 900 seconds. (a) Highlands 1,000 W, (b) Mare High-Ti 477 
200 W, (c) Mare High-Ti 400 W, (d) Mare High-Ti 1,000 W. (see the legend in Figure 7b) 478 
 479 
In the case of small-size specimens, the effect of radiative heat loss is non-trivial. The 480 
temperature curves of the small-size specimens with radiative heat transfer barely reached 481 
400 °C even under 1,000 W input power due to the small volume (Figure 17). Thus, the 482 
hotspot was not able to reach the threshold of thermal runaway (around 600 °C) at all; 483 
consequently, no thermal runaway was observed.  484 
 485 
5. Analysis of the simulation outputs 486 
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 487 
5.1 Microwave energy absorption by the specimen volume 488 
It is well known that microwaves can penetrate the material and supply energy resulting in 489 
generating volumetric heating (Wang et al. 2015); thus a small volume of material tends to 490 
absorb less microwave energy than a larger one. However, the simulation in this experiment 491 
shows slightly different results. The medium specimen of mare High-Ti regolith has much 492 
higher electric field  than the large specimen (see Figure 18) and has more than five times 493 
higher resistive losses, which transmit electrical energy and convert it to heat, compared 494 
with a large specimen (see Table 5); consequently, the medium specimen was heated to a 495 
much higher temperature. Note that the highlands and mare low-Ti specimens also have a 496 
similar output. This could be explained as the medium specimen might have an optimal 497 
dimension and volume of the specimen with respect to the penetration depth, which plays a 498 
vital role in an efficient heating process (Sun et al. 2016), within the current cavity setting. 499 
 500 
Table 5: Maximum electric field and resistive losses of the mare high-Ti specimens under 501 
1,000 W of input power. 502 
 
Large specimen 
(2.5 x 3.45 cm 
cylinder, 35 g) 
Medium specimen 
(2 x 3 cm 
cylinder,19.5 g) 
Small specimen 
(0.72 x 1.2 cm 
cylinder,1 g) 
Electric Fields 
(V/m) 
4.183e4 9.466e4 4.574e4 
Resistive 
Losses (W/m3) 
4.957e6 2.538e7 5.926e6 
 503 
On the other hand, the small specimens of both mare regoliths show almost instant thermal 504 
runaway and much higher temperature than the large and medium specimens. Besides, 505 
their electric fields and resistive losses are also higher than the large specimen (see Table 5 506 
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and Figure 18). Thus, more research on the correlation between the cavity design and the 507 
dimension/volume/mass of specimen is needed for achieving an optimal heating 508 
performance.   509 
 510 
 511 
(a)                                          (b)                                               (c) 512 
Figure 18: Electric field of the cavity and specimen in X-axis plane under 1,000 W with mare 513 
High-Ti specimen. (a) large, (b) medium and (c) small specimen. Note that the rainbow 514 
colour legend is for the specimen while the other is for the cavity.   515 
 516 
5.2 Temperature increment by the regolith location  517 
Many researchers believe that iron (FeO) in lunar regolith/simulant would be one of the 518 
primary reasons for better microwave energy absorption. Thus, some researchers even 519 
suggested to consider a hybrid heating system, which combines the sources of both 520 
microwave and conventional heat, e.g. using higher dielectric loss susceptors, insulator or 521 
coatings to more readily absorb the incident power (National_Research_Council 1994). The 522 
simulation results in this work seem to confirm that the researchers’ assumption was valid in 523 
case of small specimen. The highlands regolith was barely heated while the mare regoliths 524 
were heated up quickly with thermal runaway. For the large and medium-size specimens, 525 
however, it is a completely different story. Although both mare regoliths couple with 526 
microwave energy very well and heated up much faster than highlands regolith in the early 527 
stages of heating, the highlands regolith was also heated up to temperatures as high as the 528 
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mare regoliths in 900 seconds and the temperature of thermal runaway was higher than that 529 
of the mare regoliths. The convergence errors of the simulation when thermal runaway 530 
occurs are high for all three regoliths and specimen sizes, which means that the temperature 531 
of the thermal runaway may not be necessarily accurate; however, the trend of thermal 532 
runaway would be still valid. All three regoliths and three sizes (except the small specimen of 533 
highlands regolith) showed much faster heating under much less power than melting JSC-534 
1A. 535 
 536 
5.3 Temperature increment and thermal runaway 537 
The results of this experiment indicate that higher input power tends to boost the speed of 538 
the early heating process in a less uniform heating manner, which results in only some parts 539 
being heated up rapidly and experience thermal runaway. Some researchers (Roussy et al. 540 
1987, Tian et al. 1992) predicted that materials could be heated stably without thermal 541 
runaway up to specific power levels, and the result of our experiments also indicate that the 542 
lunar regoliths do not experience thermal runaway under low input power, but when it 543 
occurs, it happens quicker with higher input power.  544 
 545 
Thermal runaway – a nonlinear phenomenon where a little increase in input power causes a 546 
significant temperature increase – is one of the most critical issues in material processing 547 
with temperature dependent dielectric properties (Santos et al. 2010), which can be 548 
explained with nonlinear feedback between microwave absorption and heat dissipation in 549 
general. However, thermal runaway only occurs when (i) the material properties are a 550 
function of temperature, and (ii) the input power is greater than a threshold (Liu and Sheen 551 
2008). Most of the thermal runaway in this experiment starts around 600 °C, and we 552 
hypothesise that the threshold of thermal runaway (around 600 °C) might be related to the 553 
glass transition phase of the lunar regolith because the glassy phase of the material could 554 
boost electronic coupling. Our early experiment also showed that the dielectric constant of 555 
JSC-1A was noticeably increased between 600 ~ 900 °C, and this could support the above 556 
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hypothesis. Besides, Liu and Sheen (2008) emphasised that the input power threshold of 557 
thermal runaway is sensitive to the geometric parameters under certain conditions. In our 558 
lab-based experiment using JSC-1A, a specimen rarely had a melted core if the height of the 559 
specimen was much shorter than the width of the specimen. As the ratio of the height to the 560 
width of the specimen in this experiment is much larger, Liu and Sheen’s claim seems valid.    561 
 562 
 563 
6. Conclusion and future work 564 
In this work, we have formulated an experimental, numerical model of microwave heating 565 
behaviour of three lunar regoliths from the existing works and simulated the model with 566 
seven input powers and three volumes/masses of a specimen.  567 
 568 
Although the input power and heating time required for each regolith to be sintered/melted 569 
vary depending on the size of the specimen and regolith, microwave heating of lunar regolith 570 
seems plausible, in general, because lunar regolith couples exceptionally well with 571 
microwave energy. For highlands regolith, it may require additional processing, e.g., a hybrid 572 
heating system, which combines the sources of both microwave and conventional heating, 573 
e.g. using higher dielectric loss susceptors, insulator or coatings to more readily absorb the 574 
energy if the input power is low and the dimensions of cavity and material are not optimal as 575 
shown in the simulations of 35 grams and 1 gram case. Besides, radiative heat loss seems 576 
significant; thus, an effective and efficient radiant barrier for a cavity needs to be considered 577 
for improving the heating performance. Nevertheless, the outcomes have revealed the 578 
necessity of future work as summarised below to build upon the work presented in this 579 
paper.  580 
 581 
• Material properties as a function of temperature: As discussed earlier, some material 582 
properties – relative permittivity, relative permeability, heat capacity and thermal 583 
conductivity – need to be updated as a complete function of temperature to produce 584 
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more valid outputs. Besides, the electrical conductivity is defined as zero due to the 585 
configuration issue discussed earlier.  586 
• Thermal runaway: The results clearly show the sign of thermal runaway for all three 587 
regolith and much higher temperature increase in general. In Figure 13c and Figure 588 
13d, which illustrate the medium-size specimens, two sample points of both mare 589 
specimens experience thermal runaway in 85 seconds under 400 W (1,600 °C), in 55 590 
seconds under 600 W (1,700 °C), in 45 seconds in 800 W (1,750 °C) and 35 seconds 591 
in 1,000 W (1,800 °C), while other points are barely heated less than 500 °C. There 592 
seems a specific correlation between the input power, heating time and temperature 593 
to trigger thermal runaway, which can be possibly considered as a threshold. Thus, a 594 
future experiment should be planned to (i) understand the threshold of input power 595 
and geometric parameters, which causes thermal runaway, and (ii) optimise the 596 
microwave heating behaviour of lunar regolith.  597 
• Phase change material (PCM) simulation: Modelling of PCM condition is crucial 598 
because this experiment simulates microwave heating behaviour of lunar regolith 599 
above the melting point for some parts of the material. This condition requires more 600 
parameters, including a latent heat value of melting for lunar regolith, and it makes 601 
the model very complicated. Thus, we have not added it in this experiment for the 602 
same reasons with the radiative heating condition.  603 
• Design and experiment of other frequency-based cavities: The penetration depth of 604 
microwave increases with a long wavelength (lower frequencies) while it decreases 605 
with a short wavelength (high frequencies). Thus, the microwave heating behaviour 606 
of lunar regolith would also be altered. For example, the half power penetration depth 607 
of 2.45 GHz is around 65 cm (Taylor and Meek 2005) and could fabricate a 0.96 ~ 608 
1.2 cm sintered layer or 0.59 ~ 1.34 cm of a melted layer (Allan et al. 2013). With 609 
lower frequencies, microwave can penetrate regolith further (Ethridge and Kaukler 610 
2012), but it would not sinter the regolith effectively. Considering lunar ISRU 611 
activities, including oxygen and water production, the lower frequency would be a 612 
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better option as it requires a longer heating process with a deeper penetration depth 613 
for industrial-scale production. On the other hand, a shallow penetration depth with 614 
higher frequency might be a better option if the heating process focuses on a surface 615 
finishing, e.g. fabricating pavement on the lunar surface. Therefore, different 616 
microwave frequencies than 2.45 GHz, e.g. 915 MHz and 5.8 GHz, need to be 617 
investigated. Note that the design/dimension of the cavity also needs to be updated 618 
to apply different frequencies.  619 
 620 
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